Can extensions of the standard model inform a low-energy theory of quantum gravity? 
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The search for a quantum theory of gravity has largely focused on de novo approaches such as 
string theory and loop quantum gravity, with the assumption that unification with other forces of the 
standard model is only relevant at very high energy scales. This paper asks instead whether we can 
learn anything about a quantum theory of gravity by extending the standard model, attempting in 
some limited regime to reproduce appropriately gravity-like phenomena. As a concrete example the 
gauge group of the electroweak interaction is extended to GI/(3, R), accompanied by modification of 
the Higgs interaction. Although containing extra bosons which may be unphysical, the toy model 
presented here is notable in that gauging of the space-time symmetry group permits derivation of 
the Schwarzschild metric in the vicinity of an irrotational, spherically symmetric body, along with 
an explicit expression for the value of G. Evaluation of the expression gives G = 6.675 514 4(15) x 
10"" m^ kg"^s"^, in agreement with the NIST/CODATA recommended value of G = 6.674 28(67) x 
10~^^ m^kg~^s~^ to within two standard deviations of the experimental result. These results 
strongly indicate that this model, and perhaps others like it, may indeed be able to inform our 
construction of an effective low-energy theory of quantum gravity. 
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PACS numbers: 04.60.-m, 12.60.Cn, 12.10.-g, 04.50.-h 
I. INTRODUCTION 

The search for a quantum theory of gravity is one of 
the greatest challenges facing theoretical physics today, 
requiring mathematics far beyond the standard quantum 
field theory which suffices to describe the other four phys- 
ical forces. The approaches of both string theory [1, 2] 
and loop quantum gravity [3, 4] attack this problem head- 
on, aiming to construct a quantum theory of gravity in 
isolation, and leaving unification with the rest of the stan- 
dard model as a problem for the future. 

Nevertheless, it is possible there is some benefit in ask- 
ing, even at this early stage, how a quantum theory of 
gravity will relate to the rest of the standard model. One 
way to pursue this goal might be the construction of ex- 
tended portions of the standard model which reproduce 
in some limited domain behaviours which we might asso- 
ciate with gravitation. From such extended theories we 
might gain insight into the low energy behaviour of a full 
quantum theory of gravity. 

In this paper, I present a modification to the elec- 
troweak and Higgs sectors of the standard model, intro- 
ducing several extra bosons which expand the internal 
symmetry group to either SU{3) or GL{3,R). The ex- 
tra bosons have never been detected, and no attempt is 
made to claim that they necessarily ever will be (though 
prospects for detecting them if they are real are discussed 
in Sections IV A and VD). Of greater interest are the 
consequences of choosing a gauge on the combined inter- 
nal and external symmetry groups GL{3, R)(g)P3^i, which 
may be done in such a manner as to eliminate some of 
the extra bosons which have been introduced. Moreover, 



we find that the metric of this co-ordinate frame in the 
vicinity of an irrotational, spherically symmetric object is 
the Schwarzschild metric, and that in this model we may 
calculate the value of Newton's gravitational constant, G. 
The result is G = 6.675 514 4(15) x 10"" m^kg^^s^^, 
which Hes within 1.8cr of the NIST/CODATA recom- 
mended value of 6.674 28(67) x 10~" m^kg^^s'^ [5, 6]. 
Consequently, in the vicinity of an irrotational, spheri- 
cally symmetric massive body the use of this prescription 
for gauging local Lorentz invariance is consistent with 
Einstein's general theory of relativity. 

Whether this model is physical, or is merely a conve- 
nient approximation to some more fundamental theory of 
gravity with the extra bosons acting as proxy for a more 
sophisticated underlying interaction, the precision with 
which it calculates the value of G suggests that when the 
true quantum theory of gravity is found, its behaviour in 
the low-energy limit will in some way resemble the model 
presented in this paper. Which of the physical hypothe- 
ses employed in this model will turn out to be true, and 
which are merely convenient fictions, only time will tell. 



II. THE MODEL 
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A. Lagrangian 



Consider the following Lagrangian density: 
^ = 1.:^$ - iTr F^"'Ff,^ 



J- II.V 




(1) 

(2) 

(3) 
(4) 
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In this expression, (f>i, (j)2, and (f>3 are left-handed an- 
ticommuting Weyl spinor fields, representing fcrmionic 
particles. Denoting the space of left-handed Weyl spinors 
D{^,0), we may represent the state of these three fields 
by the vector $ on 0)«'3_ xhe La grangian density 
(1) is invariant under the global action of the gauge group 
SU (3) acting on and the Euler-Lagrange equations of 
motion are invariant under the action of GL{3,M.). Pro- 
moting the symmetry from global to local, matrices Ca 
represent a basis of the corresponding Lie algebra, either 
su{3) or §1(3,^) respectively, 2?^ defines the covariant 
derivative, and the correspond to the resulting vec- 
tor bosons, coupling with interaction strength /. Their 
propagator is introduced in the usual manner, in terms 
of a field strength F'"'. We will adopt units such that 
h = c = 1, and suppress spinor indices whore this may 
be done without ambiguity. Mass takes units of inverse 
length. The metric signature is (—1, 1, 1, 1) and the sigma 
matrices are 



{h,a} 



(5) 
(6) 



Let us also postulate the existence of a spontaneous 
symmetry breaking mechanism which, although not ex- 
plicitly specified, has the effect of attributing a ground- 
state value to i'(a''6J^Ca)$ which is non-zero and homo- 
geneous in space and time. We assume that this hypo- 
thetical symmetry breaking process docs not favour any 
particular orientation with respect to cither external or 
internal symmetry groups. 

We now employ our local SU{3) symmetry to perform 
a choice of gauge, first mixing 0i, (j)2, and 03 such that 



above the ground state (though still within the broken 
symmetry regime), and consequently we will permit this 
rest frame to vary smoothly in space and time. 

Finally we must extend our choices of gauge to states 
other than the ground state, introducing some notion 
of particle excitations on the vacuum. Let us therefore 
admit regions where the field strengths vary from the 
vacuum expectation value: 



$(l3 (g) 



[$(l3®a^)$]^g+ [$(I3^ 



(11) 



We extend our choice of gauge by dividing the fields 
into background and foreground components in the man- 
ner of (10), where [ ]^ represents the local background 
field attributable to tlie non-zero vacuum expectation 
value, [ ]jg represents the deviation from this value, and 
we choose our orientation of 03 so as to minimise the 
value of [03O"''03] at every point in space and time. 
The deviations from the vacuum state represented by 
[$(l3 (g) a'')$]j^ and [&^C'a]fg represent our notion of 
particle or anti-particle excitations, depending on their 
indices and sign. 

The generalisation of our second gauge condition is 
chosen to enable us to eliminate some of the boson fields 
in Sec. VB. Where the boson fields coupling to 0i(t^03 
and 03a-'^0i are non-zero, we perform an SU{2) mixing 
on 01 and 02 such that after mixing, 



/)ia-''03 = 03O-''0i. 



(12) 



In the ground state, this is consistent with condition (9). 



$(I3 (ga'^)* = 030-^ 03- 



(7) 



From this it follows that 0icr''0i = — 02cr'^02, and this is 
satisfied by 0i and 02 of the form 

0i=ge'V2, 0<6'<27r, g e A, q*q = -l, (8) 

where A denotes the space of Grassman numbers. Con- 
sequently, we may perform a further SU (2) mixing of 0i 
and 02 such that 



6if7''03 = 020-'' 03 = 0. 



(9) 



The requirement that the fermion and boson fields be in 
equilibrium in the ground state then ensures that the bo- 
son fields to which 0ict''03, 02ct''03, 4>3^^(t>i, and 030-'' 02 
couple are also zero. 

In the ground state, all fields will satisfy equations of 
motion which are homogeneous in space and time. Where 
coupling to non-zero vacuum expectation values occurs, 
these equations of motion will be those of a massive par- 
ticle, and minimisation of the Lagrangian favours a so- 
lution to these equations of motion where the rest frame 
is uniform throughout space-time. However, we will as- 
sume that the universe is in a low energy state slightly 



B. Particle identities 

To relate this theory to the electrowcak sector of the 
standard model, we must first choose a basis for our in- 
ternal symmetry group. A convenient choice will be 



C2 = 



1 



-1 



1 

= cl 

(13) 

if the symmetry group is GL{3, M), or with Cg omitted if 
the symmetry group is SU{3). We now identify 




Co 



Cq — Cl Cr — Cl 



V2f 



(14) 
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where is the left-handed electron, the left-handed 
electron neutrino, and capital letters represent gauge 
bosons. The W boson is familiar, and the and X 
bosons will be mixed to yield the photon and Z boson in 
the usual manner. We shall see shortly that the H bo- 
son plays a Higgs-like role in giving mass to the electron, 
the G boson is indirectly involved in the gravitational 
interaction, and the N boson (if it exists) is a weakly 
interacting massive neutral boson, coupling only to the 
gravitational field, W and W'^ bosons, and the neutrino, 
making it a possible candidate for WIMP dark matter. 
The apparent additional weak interaction involving the 
G and bosons will be eliminated in Sec. VB. 

We have yet to assign an identity to left-handed spinor 
(^1 . Instead of doing so directly, we shall make use of an 
isomorphism 

F:\^p (15) 

between the space of charge conjugate left-handed 
spinors D{^,Q) and the space of right-handed spinors, 
£>(0, ^). For the explicit representation 



The photon and the Z boson are then constructed via 



A 



Ai -I- iA2 
A3 + iA4 



Ai e A, 



(16) 



this is given (up to a freedom of sign on A2 and A4) by 

(17) 



i^:(Ar-iA2 A3 - iA^) ^ ( I j^^ 



Wc now identify the charge conjugate with the right- 
handed electron e/j. 



(18) 



and in light of this isomorphism, we may use cr to denote 
either a right-handed spinor or the charge conjugate of 
a left-handed spinor without ambiguity. Our Lagrangian 
now consists of the Glashow-Salaam Weinberg (GSW) 
Lagrangian for the electroweak interaction [7-9] , plus ex- 
tra terms in G, H, and A'", and subject to the additional 
constraint 



That is, 

^ = -I- ^GSW + -S^extra 



(19) 



(20) 



= xen ^eR + ie^ ^ + We ^v^- -W'^F^, (21) 



^GSW = -g ( GRO^eR + ^CLCr'^eL + ^i'e<y'"^e ] X 



(22) 



The equation 



cos 9w + sin 0w 
gWl - g'X^ 

(^2+^/2)1/2 

cos dw — X^ sin Ow 



tan^VF = — 



(24) 
(25) 
(26) 
(27) 

(28) 



defines the electroweak mixing angle, or Weinberg angle, 
Qw^ though this is typically measured via the relationship 
[5, 6] 



sin dw = 1 



TO 



2 • 



(29) 



In the standard model these expressions coincide, but in 
the present model we will sec in Sec. IIIB that they do 
not. We will therefore distinguish between the geometric 
Weinberg angle defined through (28), and the mas- 
sive Weinberg angle defined through (29). For the 
present model, we find 



sm 



0.25 (exact). 



(30) 



We will see that the predicted massive Weinberg angle is 
slightly smaller, although there is still some discrepancy 
between this and the measured value [5, 6, 10] of 

sin^ (measured) = 0.222 55(56). (31) 



III. PARTICLE MASSES 



A. Electron mass 

In Sec. II A wc postulated the existence of a symmetry 
breaking mechansim which assigned non-zero values to 
Vgo'^Vf., and possibly also to e.R(j^eR^ Sl^^sl, CRa^eL, 
and eLa^^CR subject to the requirements of SU{2) sym- 
metry of the electron sector. As the boson fields in the 
vacuum state must be in equilibrium with the fermion 
fields, this also implies non-zero values for i?^, Hj^, 
and Ni_i in the ground state, along with 



W^ = Wl = G^ 



G^ 
1^ 



= {0,0,0,0}. 



(32) 



v2 

^extra = i[eRa"eLH^ + CRCj^iyeGf,] + h.c. (23) 



Although the symmetry breaking mechanism determines 
a preferred orientation on the internal space, it does not 
select a preferred orientation in space-time, and minimi- 
sation of the Lagrangian will result in field configurations 
satisfying the Euler-Lagrange equations of motion, and 
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hence periodic in space and/or time. Consequently, av- 
eraged over a sufficiently large region, 

(0a^T^<^5) = {0,0,0,0} V a,b (33) 
= {0,0,0,0} V a, (34) 

except for (^sa'^^s) which acquires nonzero mean value 
through our choice of gauge. For brevity let us also in- 
troduce the notation 

\\V,f = V^V^ (35) 

for any 4-vector V, and note that it is the mean ground 
state magnitudes squared, such as which are 

non-zero. 

If we now introduce an electron as an excitation above 
the ground state, it will couple to the vacuum A and H 
fields according to Lagrangian terms 

^partial = ^ (cfla'^eiiJ^ + eia'^eflijl.) (36) 

Contributions to the path integral which are first order 

in the boson fields vanish by (34), and to second order 
we have the interactions 

^eLa^BLBLa'^eLiA^A,) (37) 

for the propagation of a left-handed electron, and 

^Bna^'eReRa^eRiA^A,) (38) 
+ ^^eRa>'eLeL<j''eR{HlH,) 

for a right-handed electron. We may compare this to the 
Dirac Lagrangian for an electron in its rest frame (written 
in terms of Weyl spinors), 

^Dirac = Kr^Br -|- KL^eL + meCRa^eL + meeL<7°eR, 

(39) 

which also gives rise to first as well as second order terms. 

For the Dirac Lagrangian, the first order terms are 
eliminated by the imposition of conservation of charge as 
an external superselection rule. The second order terms 
are then 

mleLO-'^eReRa^eL (40) 
for the left-handed electron and 

mleRa°eLeLcr"eR (41) 

for the right-handed electron respectively. We may iden- 
tify the Dirac expressions with those in (37) and (38), 
for which the nonzero mean vacuum expectation val- 
ues and give rise to electron mass. 



This should not, however, be taken as implying that 
(A^^Afj,) = 0, as the intermediate electron state is un- 
detectable and physically irrelevant to the propagation 
process. Instead, from the SU (2) symmetry of the elec- 
tron sector and our choice of basis C^, we identify 

{\\H,f) = {\\Hlf) = ^ (42) 

{\\A,f) = 2{\\H,f} = ^ (43) 

for the vacuum state, where me is the observed mass 
of the electron. Noting from (43) that the background 
A, H, and fields share a common spatial anisotropy 
frame, we obtain (40) and (41) directly from (37) and (38) 
simply by evaluating the Einstein sums in that frame, 
and find that the rest frame of the electron corresponds 
directly to the local anisotropy frame of the background 
A, H, and W fields. 

There are also higher order interactions which con- 
tribute to the electron mass, necessitating small correc- 
tions to the above expression for Fortunately, 
determining these corrections is straightforward and shall 
be addressed in Sec. IV C. 



B. Boson masses 

1. Number density convention 

Evaluating Feynman diagrams for interacting particle 
fields necessitates adopting a convention for interpret- 
ing the field strengths as a particle number density. We 
will take the following approach, which yields mutually 
consistent interpretations of both the fermion and boson 
fields: 

Let L be unit length. The fermion fields, having units 
of L~^, may readily be identified with a particle num- 
ber density. For an arbitrary fermion , the magnitude 
||^aCT^'/>a|| corresponds to the number of particles found 
in unit volume, where that volume is orthogonal to vector 

<l>a^''<t>a- 

For bosons, consider the expression 

94>a&''4>abf, (44) 

where ^ is a coupling constant related to g. The product 
ghn represents the number of boson interactions occur- 
ring for fermions 4>a<^'^4'a per unit time, and we may ex- 
pand this as gL^L~^b^. The product gL^ then plays the 
role of the effective volume of one fermion, and L~^bfi 
is the number of boson interactions per unit volume of 
fermions per unit time. An effective boson number den- 
sity may be obtained by saturating unit volume of space 
with fermions, by taking 

gL^\\^aa''(l)a\\ = l. (45) 
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FIG. 1: Lowest order diagrams contributing to W and Z bo- 
son mass. Grey circles indicate interactions with the back- 
ground field. 



The number of bosons traversing unit volume per unit 
time is then given by 



i3 



(46) 



2. W, Z, N, and G masses 

The primary mechanism responsible for imparting 

mass to W and Z bosons is postulated to be interactions 
with the non-zero {veO'^Ve) field of the vacuum state. 
Prom the standard model we know that the relevant mass 
terms take the form m^W^W and rn^ZZ. Starting from 
the vacuum state, wc introduce a single boson excitation 
of the desired type. Figure 1 then shows tree diagrams 
contributing to and m| which are first order in the 
background field. 

Evaluating these Feynman diagrams for fixed initial 
position X gives 

y d^x'W^{x')[Pe{x')bs]^^eL{x')AGeAx' - x) (47) 
xeL{x)a^'[i/e{x)hs\W{x) 



and 



/ 



d''x'Z{x')[ue{x')bs\a^'ue{x')AG,^{x' - x) (48) 

X9e{x)a^[l>eix)hs]Z{x) 

respectively, where [ bg] denotes a field takes its local 
vacuum state value. Boson masses then correspond to 

= J d^x'[ue{x')bs]a''eL{x')AGeAx' -x) 
xeL{x)a''[u^{x)bs] (49) 

m| = J d'^x'[ue{x')hg]^^'^e{x')AG^^{x' - x) 

xPeix)a''[iye{x)bg]- (50) 



FIG. 2: Consequences of exchanging the intermediary neu- 
trino with one from the background field. 



Under integration, AG,;^ (x' — x) and AGi^^ (x' — x) re- 
duce to 6'^{x' — x), and hence eL(x')AGej^ (x' — x)eL(x) 
and Ui,{x')AGu^{x' — x)Pe{x) reduce to multiples of 



For the former, the multiplication fac- 



tor is 1 as no other electrons are present in the dia- 
gram. For the latter, there are other neutrinos present 
as a result of the non-zero vacuum expectation value of 
Ded-^Ue- However, exchanging the intermediary neutrino 
with one of tlicni, as in Fig. 2, yields a disconnected 
diagram, which we interpret as two independent events 
rather than one particle propagating, because the is no 
connected pathway to relate the Z boson 4-momcnta. 
Consequently Ve{x')AG^^{x' — x)Df,{x) in (50) also re- 
duces to J^(x — x')0-°, and our integrals evaluate in the 
local rest frame of the background neutrino field as 



m 



w 



my = 



2 

2g\D,a''u,)T 



(51) 
(52) 



where T is unit time (distinguished from unit length 
to aid reinsertion of factors of c in systems of units 
where these are not 1). This gives again, to first or- 



der, sin^ 9^ = 0.25. Note that the appearance of a con- 
stant with value T, unit time, is dependent of our choice 
of convention for particle number density; however, 
and m| are not, as we shall see in Sec. IV B. 

Two families of higher-order diagrams give rise to cor- 
rections to this initial result. First, there are radiative 
corrections to the interactions of Fig. 1. The most signifi- 
cant contribution is electromagnetic, and to one loop this 
will contribute only to , by modifying the propagator 
of the intermediary electron (all our propagators so far 
are for bare particles, so radiative corrections to these 
diagrams must be made to the particle propagators as 
well as to the interactions). This correction to is by 
a factor of 



(53) 



where a is the fine structure constant, with m\ being 
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unchanged. 

The second correction becomes apparent when, on go- 
ing to higher orders in g, we also permit multiple inter- 
actions with the background fields. For W boson prop- 
agation, the W boson may interact with the neutrino 
fields, and also the intermediate electron may interact 
with the vacuum H, H^, and photon fields. The inter- 
mediate neutrino of Z boson propagation, on the other 
hand, is nearly massless (see Sec. Ill C) and it may there- 
fore be inferred that its interactions with the background 
fields are negligible. The diagrams in Fig. 3 correspond 
to m'ly and m^, and we see that again, the W boson 
mass is augmented relative to that of the Z boson. The 
correction factor this time is 



(54) 



The neutrino interactions similarly correct mz, but by a 
factor proportional to which is safely ignored. 

While both of these corrections have the effect of re- 
ducing sin^ 9^, they are insufficient to bring it down to 
the observed value of 0.222 55(56). This is unsurprising, 
as there are known to be further weak boson interac- 
tions not included in this model. For example, inclusion 
of particle generations will give rise to additional terms 
in the W boson propagator where the intermediate par- 
ticle is a muon rather than an electron. This will fur- 
ther reduce sin^^^, as only the W boson participates 
in flavour-changing weak interactions, and hence the Z 
boson mass again remains unchanged. It is even pos- 
sible that couplings to virtual quarks may play a role. 
That the computed value of sin^ 6^ in the partial model 
presented in this paper is too high is therefore to be ex- 
pected. 

The and G bosons also couple to {vea^Vf.), and 
hence an A'' or G boson propagating in the presence of 

vacuum will exhibit rest mass. Following the same pro- 
cess as above, their masses (to lowest order) are found to 
be 



m 



N 



(55) 



In terms of known boson masses, because the N boson 
interacts only with neutrinos and W bosons, the above 
corrections are likely to have little effect so we may write 



3m|/4 



(56) 



For the G boson, given its ability to interact with right- 
handed electrons and the SU{2) symmetry on the </>!, 02 
scictor of it is probably more appropriate to write this 

as 



m 



w 



(57) 



3. A and H masses 



The photon. A, does not couple to v^a^^v,, and so does 
not acquire mass via the mechanism described above. In 



addition to the couplings of the standard model, however, 
the photon also couples to the charged H and G bosons. 
We saw in Sec. II A that the bosons coupling to 

^ia'^(f>s, (f>2<^'^(f>3: 4>30-'^<f'i; f-^d <^3a'^(/>2 arc everywhere 
zero in the vacuum state, and this corresponds to 



0. 



(58) 



While in general [-ffbg]/n = [-f^bglj" ^' ^^^^ effect 
on photon mass: The A-H coupling in the Lagrangian is 

=Sfpartiai = ^ {H'' hIA'' A, + H^^ H^A'' A, 

-H'^A^H^'^A, - H^^'A^H'^A,) . (59) 

Expanding in terms of foreground (excitation) fields and 
background (vacuum expectation value) fields, we find 



partial 



2 



([^bg]'^[<]^[^bg]^[^bg]. 
-[ifbg]''[Abg]^[<]''[^bg]. 

+[H^,nHiuAhm,]. (60) 

+[Hy.,nHljMf,nA,,l 
+ (same again with H^H^) 



Exploiting (43), all terms save those quadratic in [A[g\ 
vanish. For these, we note that if the photon acquires 
a rest mass due to interaction with the background H 
and fields, then A will share a common rest frame 
with H and . Evaluating in this rest frame, these last 
terms are also seen to cancel out, so the photon cannot 
acquire an effective mass from its interaction with H and 
W bosons. 

Higher order corrections to the photon propagator also 
do not give rise to a rest mass. In the standard model, 
the ability of a photon to generate virtual W and 
pairs while propagating has no effect on its rest mass, 
and these couplings are unchanged in the present model. 
By the SU (2) symmetry of the t^i, 02 sector in free space, 
we may conclude that creation of G and G^ pairs also 
does not give rise to a photon mass, and for H and 
pairs, the coupling coefficient is different but the form 
of the interaction is the same. Consequently the photon 
remains massless. 

Finally, the H and W bosons are also massless, as 
SU{2) symmetry of the 0i, 02 sector in free space guar- 
antees that niH = niHf = {l/V2)mA = 0. 
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FIG. 3: Zero- loop diagrams contributing to m%- and m%. 



Neutrino mass 



IV. BOSON EXCHANGE INTERACTIONS 



Next we turn to the mass of the electron neutrino, 
which may also be calculated in this model. A foreground 
electron neutrino couples to the vacimm N boson field, 
which will be non-zero as it couples in turn to the vacuum 
i/e^^i^e field. 

By SU{3) symmetry, we may anticipate 



ll[^^bg]Mll = l|[^^bg]J| = 



(61) 



However, this docs not confer a mass m,. upon the elec- 
tron neutrino. Instead, ((;/'\/2)[-/Vbg]o (m the rest frame 
of the background field) corresponds to the total mass of 
all the electron neutrinos in unit volume represented by 
field Vf.a^VeL^. Consequently, the mass a single electron 
neutrino acquires from interactions with the background 
N field is equal to 



9 me 



1 



V2 g {\\i>ea''ue\\)L^ 
3m|L3 ' 



(62) 



and we shall compute the value of g for this model in 
Sec. IVB. Inserting this value from (81), we find 



m^^ > 2.353 64(11) x 10"^'^ eV/c 



(63) 



easily compatible with current upper bounds on neutrino 
mass [10, 11]. This value is given as a lower bound, as 
it will be supplemented by radiative corrections to the 
electron neutrino propagator. 



A. The H interaction 

In this section we characterise the interaction consist- 
ing of exchange of H and W bosons. The existence of 
these bosons is a major difference between the model pre- 
sented here and the standard model. However, we shall 
see that the role of the H bosons, aside from giving rise 
to electron mass, appears largely insignificant. It is inter- 
esting to ask whether an experiment capable of detecting 
the existence of H and W bosons can be devised. 



1. The Isolated H'^^^ boson 

First, why do we not detect isolated if*^^^ bosons? (I 
will use the notation H^"^^ to mean "either H or /ft".) 
They should be conspicuous entities, being masslcss but 
carrying a charge of ±2. The answer lies in the interac- 
tions which generate them. A single H boson may be 
generated by the interaction 



ez, + Br 



H- 



(64) 



However, this interaction destroys a left-handed electron 
and a right-handed electron. By implication, the H bo- 
son created has mass 2me, and so is clearly virtual. Inter- 
estingly, it also has lepton number 2. Emission of a non- 
virtual H boson can only be achieved if additional vir- 
tual particles are also near-simultaneously created which 
share a combined mass deficit of 2me. The only realistic 
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candidate is creation of an boson, as in the example 



CR + H- 



en + H- 
BL + H- 



+ H++. 



(65) 



Similarly, the H and bosons may also only be ab- 
sorbed in an appropriate pairwise fashion. Considered 
collectively, the H, pair has zero charge, zero mass, 
and zero Icpton number. Like a pair of photons, tlicy 
may carry a spin of zero or ±2. Indeed, it would seem 
that distinguishing between emission or absorption of a 
pair of photons and emission or absorption of a pair of H 
and H'^ bosons will be very difficult indeed. This is, of 
course, only to be anticipated as the H and fl"^ bosons 
share an SU{2) symmetry sector with the photon, and 
that symmetry is unbroken. 



2. H^^^ boson exchange 

So what are the consequences of ij'^^ exchange? Is 
there any prospect for detecting this interaction as a 
macroscopic force? Once again, we may obtain our an- 
swer via the unbroken SU{2) symmetry of the 0i, (j)2 sec- 
tor. We will take as a basis for the su{2) Lie algebra 
the coupling of the photon A^, , and the couplings of the 
linear combinations of H^'^^ bosons 



"2 = 7l("'i 



(66) 
(67) 



The electromagnetic interaction is mediated by the 
photon, which couples with strengths +e and — e to 
positrons and electrons respectively. We therefore say 
that, relative to the electromagnetic interaction, these 
particles have charges ±1. What are the charges of elec- 
trons with regards to the and H"^ bosons? 

To resolve this question, we identify the SU{2) mixings 
of 01 and 02 (cl and cr) which diagonalise the boson. 
They are 



1 



hi = ±-j={eL+eR) 



(68) 
(69) 



and they carry charges relative to the iJ^ -boson- 
mediated interaction of 1 and —1 respectively. Prom this 
we see that electrons constitute an equal mixing of con- 
stituents with iJ^-charges and —1. Consequently the 
net i7^-charge of the electron or the positron is zero, and 
when exchanged between electrons or positrons the 
boson yields no net force. The argument may be repeated 
for interactions mediated by the H"^ boson. 

An extension of the same argument holds for H- 
mediated interactions between the W and G bosons, and 



FIG. 4: Electromagnetic interaction mediated by virtual pho- 
ton exchange. Labelling e rather than eL ot cr indicates that 
the electrons may be of either spin. 



the i?- mediated interactions of the photon cancel by sym- 
metry as H, H\ and A form an orthonormal basis of the 
unbroken SU{2) symmetric subspace. Neither the N nor 

the Z bosons interact with the i/^^^ at all, and wc are 
left to conclude that the H^"^^ bosons mediate no classical 
force. 



3. Prospects for detection of H^^^ bosons 

We have seen that the H^^^ boson is very difficult to de- 
tect. It is never emitted or absorbed sing ly, boson 
exchange mediates no classical force, and pairs of iJ(t) 
bosons have zero net charge, zero mass, and a combined 
spin of or ±2, like pairs of photons. Proof or refuta- 
tion of their existence is therefore rather difficult. One 
approach to test for the existence of the H boson would 
be to exploit its existence as an alternative virtual inter- 
mediary for photon-mediated interactions. For example, 
compare 



eL + eR + CL 
eL + eR + bl 



br + A — >eR (70) 
eL + H++^eR. (71) 



This alternative pathway, if it exists, should result in an 
increase in the apparent rate of electron-positron annihi- 
lation when a second positron of opposite spin absorbs 
the gamma ray which is produced. The author is un- 
aware of any experimental observations which verify or 
refute the existence of H'^'^^ bosons. 



B. Electromagnetism 

We turn now to the electromagnetic interaction, medi- 
ated by virtual photon exchange (Fig. 4) . The presence of 
a non-zero vacuum expectation value of the photon field 
significantly modifies this interaction, and we will find 
that the value of g coinciding with observed behaviour 
differs from its usual value in quantum field theory of 

=e'^/{eosiv?ew)■ 
^\^e origin of this correction lies in the indistinguisha- 

bility of photons, and consequently we cannot uniquely 
identify the photon exchanged between the two electrons 
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in Fig. 4. Instead, all we can say is that one electron 
emits a photon at point x, and the other absorbs one at 
point x' . We require that when we average over suffi- 
ciently many such interactions the 4-momentum of the 
background field remains unchanged, so we may say that 
emission of a photon at x and absorption at x' has re- 
sulted in a transfer of momentum from one electron to 
the other. 

The numerical factor associated with Fig. 4 for a pair 
of left-handed electrons interacting with the photon field 
at X and x' is 

d4a;d4a;'^eL(x)a^eL(x) {[Abg]^(x) + [Afg]^(x)} 

xAa{x - x')eL{x')a>'eL{x') {[A^M^') + [AiM^')} ■ 

(72) 

The four permutations of the external legs, and the 
symmetry factor 1/2 from exchange of the interaction 
vertices, have been combined with the boson couplings 
(3/2)^ to give the overall leading factor of 

Terms involving [Abg]^ at both x and x' are unchanged 
from electron propagation in free space and so do not 
correspond to momentum transfer. Of the remaining 
three terms, two involve both the background field and 
the foreground field, and one involves the foreground 
field only. For sufficiently large separations [Abg]o(a;) ^ 
[^fg]o(2;) in the rest frame of the absorbing electron, and 
we may neglect the term quadratic in the foreground 
field. Substituting (42-43) into the remaining two terms, 
taking 



AAir,t) 



gie(r,t) 

47rr^ ■ 



(73) 



and employing the number density convention of 
Sec. IIIB 1 to evaluate the foreground fields, we obtain a 
value of 



47rr^ 



(74) 



where T represents unit time. On the light cone this 
must correspond to a classical interaction strength F = 
/{4:Trr^so), and consequently 



does not equate to the electromagnetic interaction be- 
ing quadratic in e because the background photon field 
introduces an additional factor of \/2me/g- Transfer of 
momentum via single photon exchange is therefore, to 
lowest order, linear in g and hence is quadratic in e as 
is expected. Indeed, the value of g is chosen such that 
despite the presence of a background field, the factor as- 
sociated with single photon exchange is unchanged from 
its usual value in quantum electrodynamics. At present, 
this is true only if radiative corrections are ignored, but 
it is easy to determine the necessary small correction to g 
such that this correspondence holds for interactions cal- 
culated to all orders, and this is the subject of Sec. IV C. 

Another important point is that the numerical value 
of g is dependent upon the mimber density convention 
adopted. Changing the number convention means that 
the field distribution associated with a single foreground 
electron or photon in (72) changes, but the background 
field is unaffected. Consequently, identifying the relevant 
terms of (72) with the classical interaction strength will 
yield a different value of g. It is an important principle 
that any measurable physical property should be inde- 
pendent of our choice of number density convention. For 
example, if we write 



/ 



dFez,CT°ez, = kN^ 



(77) 



then the convention of Sec. IIIB 1 corresponds to k = 1. 
Adopting an alternate value of k gives g — > g/k, but 
because [^bglju and [-f^^g 1/^ remain unchanged, we must 
also have rUe — > nie/k. The electron mass interaction 
terms of ^ then become 



—eLcr^CR + —ena'^eL 



(78) 



but the measured value of the electron mass remains un- 
changed due to the appearance of k in (77) when inte- 
grating these terms. Similarly the measured boson and 
neutrino masses arc also unaffected. Note that our ex- 
pression for neutrino mass depends on the assumption 
that 



bg 



9 = 



(75) 



This expression is valid for [Abg]o(a;) ^ [^fg]o(a;) in the 
instantaneous rest frame of the absorbing electron, cor- 
responding to r :» Tcrit where 



^crit — 



Oig') 



(76) 



5.3 X 10"^^ m. 



It might give the reader momentary pause to note that 
g is quadratic in the electron charge e. However, this 



If this assumption fails to hold the expression for the mea- 
sured neutrino mass m,y_, will change, but the calculated 
value will remain the same. 

The calculated value of fcrit, on the other hand, will 
vary with the definition of number density. This is un- 
surprising, as it is defined as the radius at which the 
foreground photon field of one electron becomes com- 
parable to the background fields, and this is dependent 
upon the definition of the field excitation corresponding 
to one electron. When giving a value for rcrit) it is there- 
fore necessary to specify also the number density conven- 
tion to which it corresponds. We will use only the k = 1 
convention in this paper. 
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e, \/ 



<|FVr\>V^ H 



must amend our mean square background field values to 



FIG. 5: Feynman diagrams for the electron mass interaction. 

C. Radiative corrections 

In the previous section, we calibrated the order elec- 
tromagnetic interaction to be compatible with classical 
electrodynamics. This section deals briefly with the sub- 
ject of radiative corrections to the electromagnetic inter- 
action, and also to the electron mass. 

First, note that the factors associated with an internal 
photon line, although more complicated in origin, are 
now no different to those in normal quantum electrody- 
namics due to our calibration of g in Sec. IV B. Contribu- 
tions to higher-order interactions due to internal photon 
lines are therefore unchanged. 

Second, recall that the H^"^^ bosons mediate no force, 
and hence carry no net momentum, so diagrams involv- 
ing iJ*^^^ boson exchange make zero net contribution to 
radiative corrections. 

Third, there are no background fields for the W, Z, 
or G bosons. The W and Z boson radiative corrections 
are therefore unchanged from the GSW model. G bosons 
may also be ignored in curved space-time, for reasons to 
be explained in Sec. VB. 

There will be changes to higher-order radiative correc- 
tion terms, but only where these involve neutrino prop- 
agators (or N boson propagators, if these are assumed 
to exist). Such corrections are anticipated to lie at the 
present limits of theoretical and experimental accuracy, 
and consequently existing results for the gyromagnetic 
ratio of the electron continue to hold, at least to the 
level where the weak interaction becomes significant (in 
the standard model, 0.2564(45) x 10~^°ae, where is 
the electron magnetic moment anomaly [5, 6]). 

To compute the value of g after radiative corrections, 
first we must evaluate their effects on the background 
fields. As in Sec. Ill A, we consider interactions giving 
the electron mass. The zero order Feynman diagrams are 
shown in Fig. 5, and the first order radiative corrections 
are shown in Fig. 6. Four of these figures have positive 
sign and two have negative sign. The net effect is that 
radiative corrections to the electron mass go as (1 + Oe) 
per coupling to the background field. Consequently we 



\H,f)^{\\Hlf) 



{\\AJ')=2{\\HJ') = 



g^{l + a,f 
2ml 



(79) 
(80) 



The value of g is again calculated by requiring that the 
electromagnetic interaction strength obtained is in agree- 
ment with observation, only now the interaction vertices 
are associated with factors oi g{l + ae) representing the 
electromagnetic interaction to all orders, and we adopt 
the new values (79-80) for the rest frame background 
fields. The result (for this number density convention) is 



(81) 



\/2eomeT{l + ae)c^ 
= 8.342 622 85(59) x 10"^^. 

V. GRAVITATION 

Finally, we are in a position to study the interaction 
mediated by the G^'^^ bosons, which will turn out to be a 
proxy for the gravitational field. Our choice of gauge at 
the end of Sec. II A means that the vacuum expectation 
values {G^J^) are zero. However, a foreground lepton may 
still directly generate a G^^^ field. What is worse, such 
a field appears to produce a form of right-handed weak 
interaction. In this section we will examine the interac- 
tions of the G^^^ fields, and see how a choice of gauge 
on part of the combined internal and external symmetry 
group GL{3,'R)(E)P3.i enables us to eliminate all relevant 
interactions involving G'^^^ bosons. 

As well as interacting with leptons, G^^' bosons may 
interact with other bosons. In the virtual fields surround- 
ing an electron, we may identify two distinct domains: At 
small r, the G^^^ fields are comparable in magnitude to 
the fields of the other bosons, and processes generating 
and eliminating pairs of G^^^ bosons exist in a state ap- 
proaching equilibrium. However, at larger radii an asym- 
metry develops. The existence of non-zero vacuum ex- 
pectation values for certain other bosons but not for the 
G^^^ particles drives G'^^-' production more rapidly than 
G^^^ annihilation. Because of the requirement that they 
have a non-zero vacuum expectation value, the only bo- 
son fields capable of participating significantly in G^^^ 
creation at large r are those with non-zero local vacuum 
expectation values — A, H'^^\ and N. 



A. G^^' field of a neutral body 

1. Radial dependence 

Consider the boson fields surrounding a spherically 
symmetric, irrotational collection of an equal number of 
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(i) 



eo\/ 



(ii) 



e, /\ 



e, /\ SA 



eo\/ 



ep\/ SA 



(iii) 

/\ 
e, /\ ^A 



e, /\ 




(iv) 



(V) 



(vi) 



FIG. 6: Radiative corrections to the mass interaction of the left-handed electron. Diagrams (i)-(iv) have positive sign and 
diagrams (v)-(vi) have negative sign. Diagrams for the right-handed electron are equivalent. 
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positrons and electrons. Such a collection will have zero 
net charge, and will serve as our prototype for a massive, 
electrically neutral body. Assuming such a body contains 
both left- and right-handed electrons and positrons, it 
will generate virtual boson fields of W and bosons, 
Z bosons, H and bosons, and G and bosons. Of 
these virtual boson fields, only the H^^^ fields have a 
non-zero vacuum expectation value. We therefore use 
them to distinguish the two domains in which qualita- 
tively different physics apply: Small r, where the virtual 
if(^) fields are much greater than the vacuum expecta- 
tion values, and large r, where the virtual H^^^ fields are 
much smaller than the local vacuum field. At small r, 
where the background fields arc negligible, the iJ^^' bo- 
son density in the neutral body's rest frame is given by 



H{0) = 



HjO) 

gMT 

V2', 



,0,0,0 



me 



(82) 
(83) 



The radial component is zero because, under Feyn- 
man propagators, both advanced and retarded fields are 
present, with incoming and outgoing radial components 
respectively, which sum to zero. 

Equating the virtual boson field (82) with the back- 
ground field (79) gives the radius at which the transition 
between the two regimes takes place for the i?^^' fields 
of the neutral object: 



Ig'^MT 



y 87rmg 

^Mjm^ X 10"^^ m. 



(84) 
(85) 



w ill treat the object as a point, having 

H 



For simplicity \\ ( 
radius Tobjoct < rfrit 

Within the low-r domain, couplings between the G^"^^ 
fields and all virtual boson fields are significant, and the 
fields exist in a state approaching equilibrium. Conse- 
quently we may also write the G^^^ boson fields in the 
form 



[ g(0) 



G(0) = ff(0) 



gMT 

v^me 



(86) 
(87) 



satisfying G^^'' 



^ - for r « r,^H- 
For r r^i^., a different regime predominates. Here, 

if^^^ is dominated by the background field, and is much 
larger than any of the other virtual boson fields. As a 
result of our choice of gauge in Sec. II A, which prohibits 

formation of G'-^-' pairs in the vacuum state, conversion 
of H'^^^ bosons into G^'^^ bosons is dependent upon the 
presence of the foreground virtual boson field, and this 
constrains the maximum attainable values of G'^^\ How- 
ever, as we shall see, the presence of the background fields 



catalyses the interaction, favouring the process 

H + H'f — >G + G^ (88) 

over its inverse, to the extent that for r » r^;^ the reverse 
process is negligible. For convenience we shall assume a 
sharp transition between the r <C r^i^ and r ^ r^j^. 
regimes occurs at r^j^., an assumption which introduces 
negligible error provided r is sufficiently larger than r^j^ . 

If we assume that the net rate of interaction (88) is 
negligible at r < r^^, the H^^'> field in the neutral body's 



rest frame at 



is given by (82). Within this 



radius, the field strength is governed solely by the inverse 
square law. At r > r^jt, two independent processes are 
responsible for decrease of the H^^^ fields with r: Ongoing 
spatial dispersion according to the inverse square law, 
and also interaction (88). We may thus write the zero 
component of H^^^ field strength for r > r^j^. as 



lim 

Ar^O 



gMT 



2At 



4V27r(r,^iJ2„^ 

(r-r^iJ/Ar 



(89) 



(1-A) 



('-'■cHt)/Ar 



where the first infinitesimal corresponds to further appli- 
cation of the inverse square law, and the second corre- 
sponds to interaction (88) where A is a function of Ar 

still to be determined. Similarly, while (88) diminishes 
the i?'^^ fields, it causes the G^^^ fields to increase: 



G«(r) 



lim 

Ar->0 



1- 



gMT 



(90) 



crit / 



(1 + A)^ 



2. Evaluating A 

To evalulate A, we must consider the Feynman dia- 
grams for (88) occurring in the iJ^^^ fields surrounding 
the neutral mass. As wc are interested in the total rate of 
interaction, rather than the scattering cross-section, the 
most direct way to calculate this is by employing disjoint 
Feynman diagrams in which the entirety of the source is 
explicitly represented. Emission of the virtual iJ^^^ fields 
in the presence of the background fields may be repre- 
sented by Fig. 7. In calculating A we are not especially 
interested in the factor associated with this diagram, as 
this is already incorporated in the source term in (89), 

gMT 



We are, however, interested in the degeneracy of the H'-'^^ 
bosons which are available at radius r. Inverse square 
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(i) 



(ii) 



e e e e 



/\ ... 



e e e e 

J 



Qyn^y^\j^ H 



e e e e 



\/ ... \/ \/ \/ 



Background 
H field e 



e e e e 



M/(2me) electrons 



M/(2me) positrons 



Background 
field 



FIG. 7: Emission of (i) an H boson and (ii) am i?^ boson by a neutral source of mass M in the presence of locally nonzero 
background H and fields. The absence of a spin on e and e indicates that the diagrams are to be summed over electron spin. 
As the source is neutral, there are M/(2me) electrons and M/{2me) positrons in each of diagrams (i) and (ii) respectively. 



H 




P = 

G 

FIG. 8: Feynman diagram ior H + H'' ^ G + G'' . 



law effects are incorporated into the relevant propaga- 
tors, and are again realised separately in the other terms 
of (89), so for computing A we are only interested in the 
number of diagrams delivering bosons to radius r. For 
the foreground H and bosons, there are N/2 diagrams 
apiece, where N = M/m^ is the number of particles in 
the electrically neutral massive body. These N/2 dia- 
grams corresponding to emission of an H or boson by 
each of the N/2 different electrons (for H) or positrons 
(for H^) in the source. 

For the background fields, by our number convention of 
Sec. IIIBl, there are [if^gJ^Ar'^ background bosons of 

each type H^^^ for every N/2 foreground bosons. We can 
probe H^^'' field strength by introducing a single electron 
or positron at radius r which is stationary in the desired 
rest frame, and seeing how many bosons it interacts with 
in the time interval required for the fields to cross radial 
distance Ar. As the H^'^'' fields are massless, it follows 
that the four- vector Ar'' = {Ar, 0,0, 0}, explaining the 
use of the symbol Ar for this four-vector as well as for 
the spatial distance. Consequently, 



[Fgl^Ar'^ = [if^yioAr. 



(t)i 



(91) 



To lowest order, the interaction giving rise to the G^^^ 
fields is shown in Fig. 8. This interaction could in theory 
take place between any of the H and H'^ bosons present 



at radius r, foreground or background. However, the 
choice of gauge in Sec. II A provides that in the absence 
of any foreground fields, G^^' is everywhere {0,0,0,0}. 
The extension of this choice of gauge to the presence of 
foreground fields similarly suppresses formation of G^^^ 
bosons, such that it is as if only the foreground bosons 
are able to participate in the interaction. Similarly, in 
(89), A is also defined acting only on the foreground 
fields. We may think of A^ as the probability amplitude 
that a given pair of foreground bosons H and W will 
interact to form a pair G and G^. Naievely, Fig. 8 might 
be associated with the factor 



r^it-l-Ar 2 



... 

cnt 



dr ^ {H^''H''Gf,Gl + H^H^^GlG, 

-H''G'"'G^,HI - G^H^^Hf^Gl (92) 
-Hi'H^''Gf,Gl - H^^H^GlG^ 
^H^G^^hIG^ + H^^G^H^Gl) 

but this does not take into account the effect of the choice 
of gauge restricting the interaction to only the foreground 
bosons. To include this effect, we multiply (92) by a fac- 
tor representing the fraction of interactions (88) which 
take place with only foreground H^^^ bosons. Diagra- 
matically, this factor is shown in Fig. 9. 

Assuming ||[i?^g]|| >• ||[-fff^^]||, we can neglect all 
terms involving foreground fields in the denominator of 
Fig. 9, and insert (80) and (79) to obtain 

{N/2f 



i[ifbg]o[<]oAr2 



MV(1 



2m4Ar2 



(93) 



The extra factor of a half in the denominator arises be- 
cause attaching the interaction of Fig. 8 to the back- 
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FIG. 9: Fraction of + —t^G-\-G^ interactions which take place on the foreground field alone, represented as a ratio of 
Feynman diagrams. The portions of the diagrams enclosed in boxes correspond to emission of the H and bosons by the 

source. This interaction is accounted for elsewhere, and these portions of the diagram are included only to assist in bookkeeping, 
being indicative of the degeneracy factors of the foreground and background H^^^ bosons. 
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FIG. 10: Subdiagram corresponding to spontaneous vacuum 
generation of GG^ pairs. 



ground fields removes half of the diagrams in the denom- 
inator of I. In the numerator we have [-ffbg]o^'' sources 
of type H and [H^l^ol^r sources of type W at the origin, 
and approximately the same number again at radius r 
(for r » T'CTit)- These may then be connected in pairs in 
any manner desired, including where the paired H and 
are both at r, or both at the origin. In the denomina- 
tor, however, only half of these diagrams are relevant to 
the problem at hand. The other half include Fig. 10 as 
a subdiagram, and so deal with spontaneous generation 
of GG^ pairs from the vacuum, rather than conversion 
of HH^ pairs to GG^ pairs as they propagate from r to 
r + Ar. 

Now that we have obtained the degeneracy factor /, we 
wish to compute A in (89-90), which may be interpreted 
as a reaction rate per boson. Considering both Figs. 8 
and 9, we can write 



givmg 



Hl,^\r) = hm 

Ai — >0 



(96) 



X 1 



Mg\l+a,) 



lim 

Ar^O 



G(0) 1 



2Ar 



r / Ar 



r / A.r 



(97) 



X 1 + 



2m'^Ar 

and provided we can simultaneously satisfy 

Mff2(l + ae) 



r / Ar 



r > Ar > 
which is possible for 



2m2 



r 



2m1 



we may further approximate this as 



gMT 



gMT 



exp 
exp 



Mg\l + a,) 
2m1r 



2m1r 



(98) 

(99) 

(100) 
• (101) 



B. Elimination of the G^^) fields 



-Ipi 



MV(l + ae 



Pi 



MV(l + ae)^ 



(94) 



where pi is Fig. 8 evaluated with only a single H boson 
and a single H'^ boson. Note that as this corresponds to 
dividing Fig. 8 by the H^^^ boson degeneracy, the con- 
tribution of pre-existing G^^^ fields to p\ is negligible at 



r > r^i^, where 



g{,^^|1 < \\Hl!>\\. The factor pi in (94) 
has therefore been evaluated as if the only G^^^ bosons 
present are those created by the interaction shown. In 
particular the final two terms in (92) are negligible, as 
these only affect the propagation of existing G^^^ and 
i/^^) excitations, without coupling any new excitations 
from the iJ(t) fields into the G^t) fields. 

By our choice of sign in (89) and (90), we now have 



r(t) 



A = 



Mg^{l 



2m^Ar 



(95) 



In the limit r ^ r^j^. we may approximate r^jj. 0, 



Now that we have calculated the G^^^ fields as a func- 
tion of r, it is time to eliminate them. We will do this 
by promoting the global Lorentz invariance of (1) to lo- 
cal Lorentz invariance, and choosing a gauge on the new 
gauge group GL(3,IR) ® SO{2,, 1)^+. 

A system which is locally Lorentz invariant may be de- 
scribed equally well in any unitary co-ordinate system 
that is, one in which the magnitude of the volume form 
i/l^ld^a; is everywhere normalised to one. Promoting 
Lorentz invariance to a local symmetry thus allows us 
to adopt a co-ordinate frame on our Minkowski mani- 
fold in which the volume form is conserved, but the 4- 
vectors of the co-ordinate frame need not individually be 
normalised to one when expressed in terms of Cartesian 
co-ordinates on Minkowski space-time. The frame may 
then give rise to a non- trivial metric. 

We wish to eliminate any evidence of the G^^^ bosons, 
and we do this by redefining the covariant derivative, 
adopting a co-ordinate frame satisfying 



i 

V' = 



'>^ = ^^^-i^ E (102) 

^ ae{l,2,4,5, 
6,8,9} 
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where the first hne of (102) is evaluated in Minkowski 
space-time, and the second line is evaluated in a locally 
Lorentz transformed co-ordinate frame. Eq. (102) trans- 
forms both the internal and external connections, but 
leaves the dynamics of the spinor fields unchanged, and 
so defines a choice of gauge on GL(3,R) (g) SO{3, 1)T+. 
While there is no guarantee that this equivalence may be 
solved in general, appropriate solutions do exist for the 
spherically symmetric example of Sec. VA. These solu- 
tions arc all equivalent up to a local change of basis, so 
we need only consider a typical example of the class. 

The defining feature of co-ordinate systems satisfying 
(102) is that the G and bosons do not participate in 
any interactions. For our spherically symmetric system, 
their local spatial profile will therefore be purely inverse 
square. We see this may be satisfied by defining the new, 
primed co-ordinate system 



r exp 



t' = texp 



Mg\l + ae) 



Mff^(l+ae) 
4m? r 



(104) 
(105) 

(106) 



where we have chosen f to conserve the volume form 
i/l^jd^x. The resulting co-ordinate frame is well-defined 
everywhere save at the origin, where it is impossible to 
smoothly continue the frame without the radial compo- 
nent going to zero and the time component becoming 
infinite. 

To evaluate the metric for the new co-ordinate frame, 
we compute 



dr 
d<^ 



dr' exp 
d9' 



dt « dt'exp 



Mg\l + ae) 



(107) 

(108) 
(109) 

(110) 



where the approximations hold in limit (99). This yields 



ds^ 



exp 



- exp 



12 



dt 



dr' 



(111) 



+r'2(de'2 + sin2e'd<^'2), 

again in the limit (99). We recognise this as a form of 
the Schwarzschild metric, with 



G = 



9\l 



4m? 



(112) 



This is the metric of our locally Lorentz transformed co- 
ordinate frame on Minkowski space, but the same metric 
also describes a co-ordinate frame with each vector inde- 
pendently normalised to 1 on a curved space-time. The 
two situations are physically indistinguishable, and so the 
dynamics of all particles except the G^^^ bosons in curved 
space-time are equally well described by the dynamics 
of all particles including the G*^^' bosons on Minkowski 
space-time. The theory is renormalisable on Minkowski 
space-time (assuming an appropriate symmetry break- 
ing mechanism), and the use of a gauging process to re- 
late the apparent space-time curvature to matter fields 
avoids the need for the direct coupling prohibited by the 
Coleman-Mandulah theorem [12]. What this does sug- 
gest, however, is that it may be impossible to construct 
an equivalent renormalisable theory living purely on the 
curved space time. 

Given (112), limit (99) reduces to 



r ^ 2GM, 



(113) 



(103) and in this limit the metric may then be written as 



ds^ 



l-'-^]dt'^- 



r 

+r"(de'2 + sin2eW'). 



■ 



(114) 



How accurate is this value of G? Substituting (81) for 
g and reinserting the necessary factors of c and h, we 
compute 



G = 



e^(l + ae) h 
Se^m^T^ c5 

6.652 336 1(15) x 10"" m^kg'^s 



(115) 



l„-2 



which is of the correct order of magni- 
tude, but differs from the observed value of 
6.674 28(67) x IQ-^^ m^kg'^s'^ [5, 6] by a substantial 
margin of 33(7. 



C. Radiative corrections 

The greatest constraint on the accuracy of the above 
calculation of G is not the accuracy to which the con- 
stituent electroweak parameters are known, but rather 
that the calculation was performed evaluating interac- 
tion (88) only to lowest order. One loop electromagnetic 
corrections arise from the diagrams of Fig. 11, and the 
resulting expression for G is 



G 



1 



e^(l + fle) h 



6.675 514 4(15) x 10"" m^kg- 



(116) 



where a is the fine structure constant, 



..2 



(117) 
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FIG. 11: One-loop diagrams making non-zero contributions 
to the value of G. Diagrams (i), (ii), and (iii) each acquire an 
additional factor of a/(27r) compared with Fig. 8, giving an 
0{a) correction factor of [1 + 3a/(27r)]. Diagrams similar to 
(i) and (ii) but with the loop on the H or boson legs do 
not yield any contribution. 

Already our accuracy is much improved, with (116) dif- 
fering from the experimental value by a mere l.Scr (for 
ctnist = 6.7 X 10"^''' m'' kg^'^s^^). Again the leading 
constraint on our accuracy is lack of knowledge of higher 
order corrections due to diagrams involving two or more 
loops. However, the two-loop correction is anticipated 
to be of order 10~^^ m^ kg^^s^^, and corrections beyond 
the two-loop level are probably unimportant given cur- 
rent precisions for e, h, and rrie- The impact of these 
further corrections on this result will therefore be small. 

Note also that the value of G computed is independent 
of our choice of convention for boson number density. A 
change 

j dt\\b^\\ = l J dt\\b^\\=k (118) 

^5^1 (119) 

will introduce a factor of from g'^ but a factor of 

from the fields corresponding to single H and 
bosons in Fig. 8. Consequently the value of G remains 



unchanged. The reader may wonder at the origin of an 
apparent new constant in the form of T'^ in the denomi- 
nator of (115): This factor comes from g^, and its origin 
is simply in the definition of interaction strength from the 
boson-mediated coupling between two single electrons. It 
has no profound physical meaning, but is the part of g 
which reflects our definition of particle number density, 
scaling as k under transformation (118-119). 



D. Prospects for detection of G^^' bosons 

For the spherically symmetric example considered, it 
was possible to eliminate all G^^^ interactions on macro- 
scopic length scales, outside of a central singularity in 
the G^^^ field which became a singularity in the induced 
space-time. Can systems exist for which this is not possi- 
ble, and in which interactions with G*-^-* bosons may take 
place? A possible candidate for such a system would be 
a perfectly symmetric, rapidly spinning stellar collapse. 
Classically, such a system has been argued to exhibit a 
naked singularity: A singularity in space-time curvature 
without an event horizon, from which photons could ap- 
parently escape. In this theory the space-time singu- 
larity would correspond to a singularity in the induced 
co-ordinate frame such that interactions with the G'^^^ 
fields cannot be completely eliminated over some region. 
Particles entering this region could then interact with the 
G(t) field in a manner which would be detectable in the 
curved space-time. 

Arguably no other, less pathological situations permit- 
ting the detection of G*^^^^ bosons exist: Such situations 
would entail obligate smooth continuation of the space- 
time metric in a manner not consistent with elimination 
of the foreground G^'^^ fields. This would imply either a 
sharp discontinuity in the G and G^ fields, or an asym- 
metry between the two. The former is penalised by an 
infinitely large contribution to the Lagrangian, and so 
is unphysical, and the latter is prohibited by our final 
choice of gauge in Sec. II A. _ Specifically, any G or G'^ 
boson will sustain a virtual (pia^(f)3 or (ps^^(f>i held re- 
spectively. Even if these fields are not probed in a given 
Feynman diagram, any asymmetry is still prohibited by 
(12), and smooth continuation of this choice of gauge re- 
quires that the surplus particle is not a G^^^ boson but 
a W^^"^ boson. Ultimately this gauge transformation ro- 
tates the 5/7(2) subspace at the space-time co-ordinate 
where the isolated G^^^ boson would have been gener- 
ated, mixing all interactions occurring at that point such 
that G and G^^-* bosons (if any) are produced in equal 
measure. Thus (12) prohibits production of isolated G 
or G^ bosons, as well as permitting elimination of the 
right-handed weak interaction. 

In conclusion, detection of G^^^ bosons, except implic- 
itly as the mediators of space-time curvature, is therefore 
impossible outside of a naked space-time singularity, and 
their interactions may be safely ignored. 
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E. Weak interactions involving G^^^ bosons 

Interactions which ostensibly produce a single G^^' bo- 
son may still take place, for example 



W+ + H- 



G-+A, 



(120) 



but only if they are accompanied by a second reaction 
producing a G boson of the opposite type at the same 
space-time co-ordinate, e.g. 



W- + H++ — >G+ +A. 



(121) 



In fact, with g much reduced from the standard model, 
the paired interactions (120-121) are responsible for 
nearly all observed + W~ — > 2A annihilation events. 
Examining the W and T4^t bosons in (120-121), each 
participates in an interaction with cross-section g^/-\/8, 
but the diagrams are augmented by an additional factor 
corresponding to the number of available H or 
bosons in the background fields. Being unaware of 
the interactions between H^"^^ and G^^^ bosons, we inad- 
vertently conflate these processes with 



W+ + W- — > 2A, 
giving an apparent W-W^ coupling 



ffeffectr 



f(\\Hj^\\)T 



V8 



(122) 



(123) 



The effective interaction strength is augmented by the 
number density of the background i?'-^' fields, and by a 
factor of y/2 due to the difi'erent boson-boson interactions 
involved. Together these effects offset the reduced value 
of g in the present model, and may be compared with the 
role of the background photon field in Sec. IV B. 

A similar process enhances the strength of the W'^^^-Z 
coupling, but no equivalent exists for the W''^^ N cou- 
pling, which is therefore negligible in the r ^ rcrit regime. 



VI. DEVIATION FROM GENERAL 
RELATIVITY 

The above derivation of the Schwarzschild metric holds 
only in the combined limits 



r 



r » 



2GM 



(124) 
(125) 



where the latter expression corresponds to r^j^ for a body 
of mass M. The former corresponds to the Schwarzschild 
radius, indicating that this theory will predict novel 
physics for bodies classically presumed to collapse into 
black holes, and the latter corresponds to a radius below 



which the role of the background field becomes less sig- 
nificant, the net generation of G'^^-* pairs at the expense 
of the il^^' fields decreases, and the effective value of G 
consequently becomes less. 

Because these limits express different dependencies on 
M, we see that for 



M > 1.5 X 10* kg 



(126) 



the physics of the theory begins to deviate from general 
relativity only on approaching the Schwarzschild radius. 
For suitably compressed bodies of mass M < 1.5 x 10* kg, 
however, the second limit is encountered first and there 
exists the tantalising prospect of observing a reduced 
gravitational interaction at radii less than r^jf In prac- 
tice this regime appears presently inaccessible, with r^j^ 
being of order 10"^"^ m for the threshold mass, and scal- 
ing as \fM. 



VII. CONCLUSION 

This paper has demonstrated the existence of a renor- 
malisable extension of the standard model which is shown 
to reproduce some of the behaviours of the gravita- 
tional interaction for an irrotational, spherically symmet- 
ric point mass, most notably the Schwarzschild metric 
and the value of G, the Newtonian gravitational con- 
stant. That it is possible to construct such a theory sug- 
gests that there is profitable work on quantum gravity 
to be done in the low-energy limit, and that it may be 
possible to determine the form to which higher energy 
theories such as string theory must reduce. 

The following outcomes appear to be relatively robust 
properties of this theory: 

• The symmetry breaking process is more involved 
than the minimal scalar Higgs mechanism em- 
ployed in the standard model. 

• The; symmetry group of the electroweak interaction 
must be expanded at least to SU{3). 

• The theory incorporates non-existence of neutrinos 
of right-handed helicity by construction. 

• The neutrino is not its own anti-particle, implying 
non-occurrence of neutrinoless double beta decay. 

That the theory is predictive of the value of G is already a 
significant test of the hypothesis that this is a valid repre- 
sentation of the gravitational interaction at low energies. 
Undoubtedly, as the theory is explored in more detail 
other opportunities to test this hypothesis will arise. 

Finally, it is interesting to note that the theory includes 
a natural candidate for a dark matter particle, the N 
boson, which has a mass similar to that of the W and 
Z bosons. Unfortunately no prediction can yet be made 
about the interaction cross-section with nucleons, which 
is typically probed in dark matter detection experiments, 
as the theory presented here does not yet incorporate the 
strong nuclear force. 
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APPENDIX: STRUCTURE CONSTANTS OF 

GL(3, R) 

When performing computations involving boson-boson 
interactions, it is useful to know the structure constants 
for a basis of GL{3,M.) which corresponds to the bosons 
being studied. Consider the basis 




Co 



2 

V6 




— Cl Ct — Co 



which satisfies Tr CaC^ 



1 



-\ 









1 

C8 = Cl, 

(127) 

1 (no sum over a). Identifying 



Cq = 



the non-zero structure constants for this basis are 



fcl33, ^188,^371,^515, fcriy, fc851 

fcl55, km, A:3i3, A:58l, fc73i, fc8l8 

^253, ^382,^393, ^576, k^b, ^635, 

^728, ^867, ^977) ^988 

^278, ^365, ^523, ^687, ^756, ^797, 

^832, ^898, ^933, ^955 

^343, ^477, ^488, ^545, ^734, ^854 

^374, A:433, ^455, ^584, ^747, ^848 

A;i22, ^261,^616 

^166, ^212,^621 



1/V2 
-I/V2 
1 

-1 

3/V6 
-3/V6 

-V2 



where 



^ ^ kabcCc — [Ca, Cb\ 



A /)2 



9 = V2_L. 



(128) 
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(130) 
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